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Abstract

Keywords

Using the INAA method, the ability of Amaranthus tricolor L. variety amaranth
“Valentina” growing on soils with different degree of pollution to ex-
tract heavy metals was evaluated in the field experiments. It was
found that amaranth of the studied variety characterized by the con-
tent of betacianin pigment, amaranthine, in the shoots and generative
organ, is able to accumulate elements such as Mn, Fe and Ni from soils.
The content of most of the studied elements decreases in the following
order: leaves > inflorescences > stems. Under conditions of soil pollu-
tion with emissions from metallurgical plant, the phytoextraction of
such elements as Mn, Fe, Co, Sb increases. The content of Fe and Mn
in the leaves of A. tricolor var. “Valentina” exceeds the average data
for vegetation from 7 to 17 times; the Co content exceeds the average
data for vegetable from 4 to 7 times; the Sb content in the leaves ex-
ceeds the average data for vegetable from 10 to 23 times. Due to the
fact that amaranth forms a sufficient biomass for the growing season,
it can be recommended for phytoextraction of heavy metals from soils
in case of polymetallic pollution.
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Key findings

® The accumulation of elements by plants depends on the species and varietal characteristics. A number
of plant substances capable of complex formation can contribute to the phytoextraction of elements from
soils. In amaranth, such a substance can be the betacyanine pigment amaranthine. Amaranth varieties
containing amaranthine accumulate toxic elements from the soil. The results of our experiment showed
that Amaranthus tricolor var. "Valentina" on soils with varying degrees of anthropogenic pollution can
actively extract Mn, Fe, Ni, Sb. This ability of red-colored amaranth varieties can be used for phytoreme-
diation of contaminated soils from toxic elements, and should also be taken into account when grown for
nutrition and processing on contaminated soils of agricultural lands.

® The maximum accumulation of toxic elements from soils among the studied aboveground organs was
found in amaranth leaves. The minimum is in the stems.

1. Introduction

The problem of soil pollution by toxic elements, in partic-
ular, heavy metals (HMs), is acute all over the world and,
in particular, in the regions with a high level of industrial
development as well as in urban ecosystems [1, 2]. Accu-
mulating in the soil, HMs are transferred through food

chains and ultimately enter the body of plants, animals
and humans. In addition, as a result of soil weathering
during erosion, toxic elements can enter the body with in-
haled particles of air aerosols and accumulate, subse-
quently causing a number of toxic effects, including tera-
togenic and carcinogenic. In this regard, it is necessary to
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carry out remediation of soils contaminated with toxic el-
ements, which can be performed using mechanical, physi-
cochemical and biological methods. Bioremediation has a
number of advantages over the others listed: it is carried
out in situ, is quite cheap and effective, and does not dis-
turb the structure of the soil cover, but there is one draw-
back: it is stretched over time. Bioremediation can be car-
ried out using bacteria, micromycetes, and plants. When
selecting plants, one should take into account their accu-
mulative properties and the ability to form sufficient bio-
mass as well as resistance to toxic components of soil [3,
4]. Amaranth is a plant with C-4 type of photosynthesis,
which is capable of forming a sufficiently large biomass in
drought conditions, including physiological, which occurs
against the background of disturbances in the structure
and physicochemical properties of the soil, its salinization
and acidification. In addition, amaranth is a valuable ag-
ricultural crop that contains a number of essential amino
acids and at the same time belongs to vegetables, grains
and oilseeds. In the genus amaranth there are many spe-
cies and varieties used both in agricultural practice and in
ornamental plant growing [5]. The most valuable varieties
are those with the presence of the amaranthine - betacy-
anin pigment in the plant shoots [6]. Such varieties are
capable of accumulating a number of HMs due to complex-
ation with amarantine and the transfer of toxic elements
into organometallic compounds [7]. This property can be
used for the purposes of soil phytoremediation. Along with
the traditional agricultural purpose of the sorghum Sor-
ghum bicolor, amaranth Amaranthus spp. and the sun-
flower Helianthus annuus are widely studied as crops ca-
pable of absorbing and accumulating HMs from soils and
used in experiments on phytoremediation of soils [8-13].
Amaranth is rarely used as a phytoremediate. There is in-
formation about the study of the accumulating ability of
some of its species [11-14]. The accumulation capacity of
Amaranthus hybridus and A. tricolor was shown in rela-
tion to three elements: iron, cadmium and chromium [11,
13, 14]. Expanding the list of species and varieties that
have the ability to bioaccumulate HMs is fundamental in
the development of measures for phytoremediation of
soils. In this regard, we carried out this work to study the
ability of A. tricolor of the Russian selection variety “Val-
entina” to absorb HMs from soils, including those with
polyelement anomalies, in open ground conditions.

2. Object and Methods

For the study, a variety of red-leaves amaranth of the Ama-
ranthus tricolor L. var. “Valentina” of the Federal State
Budgetary Scientific Institution “Federal Scientific Vegeta-
ble Center” (VNIISSOK) selection was taken (Figure 1). The
content of amaranthine - betacyanine pigment in the leaves
of this variety averages at 0.43 mg/g and can vary depend-
ing on the phase of development and the chemical compo-
sition of the soil, as well as climatic conditions. Amaranth
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seeds were sown in open ground in small farms of the Tula
region located within the city of Tula (in the zone of influ-
ence of emissions from the Kosogorskiy metallurgical
plant), Kireevskiy and Plavskiy districts to a depth of
0.5 cm. The characteristics of soils of small farms are pre-
sented in Table 1. Soils of the first sampling point (Tula)
were contaminated with such elements as Cr, Mn, Fe, Ni,
Zn; soils of the Kireevskiy district small farm - Cr, Fe, Ni
and Plavskiy - Fe, Ni, Zn. The plant nutrition area in the
experiment was 0.15 m? The vegetation period of the
plants was 4 months. At the end of the growing season (be-
fore frost), plant shoots were divided into leaves, stem and
inflorescence, washed in running water, then double
washed in distilled water, dried under natural conditions
(in the shade), packed in envelopes and sent to FLNP JINR
for the subsequent neutron activation analysis.

Figure 1 Amaranthus tricolor var. “Valentina” generative plants.

Table 1 The pH values and content of elements in soils (mg/kg).

Sampling point

Parameter Kireevskiy Plavskiy Mle*

Tula district district [18-20]
pH 7.1 6.8 7.2 -
\Y% 70+12 68+12 63112 150
Cr 757 757 58+5 -
Mn 1500+67 676+39 625+38 1500
Fe 23760+642 273404738 23150+625 -
Co 9.9+0.8 11.7+0.9 9.7+0.7 -
Ni 27.7+5.2 33.8+6.3 24.3+4.9 20-80
Zn 139+7 85+4 148+6 55-200
As 6.1£0.6 5.8+0.6 4.7+0.5 2-10
Sr 169+10 100+7 113+7 -
Mo 0.46+0.05 0.20+0.06 0.23+0.07 -
Sb 0.65+0.07 0.53+0.06 0.93+0.09 4.5
Cs 2.9+0.4 3.6+0.5 3.1+0.4 -

* MPC - exceeded the maximum permissible concentration
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X-ray spectral analysis of the soil samples was carried
out in the laboratory of chemical analytical research of the
Geological Institute of the Russian Academy of Sciences
(GIN RAS) using a sequential wave XRF spectrometer “S4
Pioneer” Bruker AXS [15].

The results were processed using the “S4 Spectra Plus”
software package. Using this method, the concentration in
the soil of Al, P, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
As, Rb, Sr, Zr, Mo, Ba, Pb, and Th was determined. The fol-
lowing standard reference materials were used as compar-
ators: SCHT-1,2, IAEA Soil-7. GBW-07404, 07405.

Instrumental epithermal neutron activation analysis
(EINAA) was carried out at a pulsed fast reactor IBR-2 of the
Frank Laboratory of Neutron Physics, JINR, Dubna, Russia. A
total of 42 elements were determined. To determine ele-
ments with short lived isotopes (Cl, V, I, Mg, Al, and Mn)
samples were irradiated for 3 min and measured for 20 min.
To determine elements with long lived isotopes: Na, Sc, Cr,
Fe, Co, Ni, Zn, As, Se, Rb, Sr, Zr, Mo, Sb, Cs, Ba, La, Ce, Sm,
Eu, Tb, Hf, Ta, W, Th, and U, the cadmium-screened channel
1 was used. Samples were irradiated for 4 days, re-packed,
and measured twice using HP germanium detectors after 4
and 20 days of decay, respectively. The NAA data processing
and determination of element concentrations were per-
formed using software developed in FLNP JINR [16, 17].

The quality control of EINAA results was provided by us-
ing certified reference materials: 1570a (Spinach Leaves)
and 1575a (Pine Needles). The experimentally measured
contents were in good agreement with the recommended
values. The uncertainties in elemental determinations of
Na, K, Cl, As, Sr, Fe, Pb were in the range of 5-10%; and
uncertainty for V, Ni, Cu, Se, Mo, Cd, Sb was 30%.

3. Results and discussion

The results of the study showed that the accumulation of V

in the stems of amaranth var. “Valentina” was
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0.06-0.49 mg/kg of dry weight (DW) and was the highest
in a small farm in Tula. Leaves accumulated 2 times more V
than stems: 0.90-1.11 mg/kg DW (Table 2). The V content
in the inflorescences was 0.45-0.64 mg/kg DW. This fact is
associated with the presence of aerosol particles of vana-
dium in the atmospheric air (there is a factory for the pro-
duction of vanadium in the city) and their possible absorp-
tion through the stomata and epidermis of the leaves, as
well as the covering tissues of the stem, that is, not only
absorption and accumulation of the element through the
root system of the plant from soils, but also foliar absorp-
tion from atmospheric deposition.

The Cr content was 0.5 mg/kg DW in the stems, 0.87-
0.97 mg/kg in inflorescences, and 1.26-1.44 mg/kg DW in
leaves, which was 4 times higher than the average data for
vegetable crops, and also exceeded the maximum permissi-
ble concentration (MPC) for agricultural crops (5.0 times in
inflorescences and 6.5 times in leaves) (Table 2).

The accumulation of another soil pollutant, Mn, was
minimal in the stems of amaranth (9-23 mg/kg DW), in-
termediate in inflorescences (53-75 mg/kg DW) and
reached a maximum in leaves (115-228 mg/kg DW). The
extraction of this element by leaves can be associated with
both long-distance transport of substances through the
plant, and with foliar absorption of an element from at-
mospheric deposition.

The transfer factor of Mn from soils to leaves was 0.12-
0.33 mg/kg DW, that is, the period of removal of this ele-
ment from soils during phytoremediation measures will av-
erage from 3 to 9 years.

The Co content in the amaranth organs was within the
limits of normal regulation and amounted to 0.07-
0.12 mg/kg DW in the stems, 0.13-0.29 mg/kg DW in inflo-
rescences and 0.19-0.31 mg/kg DW in leaves. At the same
time, with polymetallic soil pollution, the content of Co in
the organs decreases (Table 2).

Table 2 The content of elements in the organs of A. tricolor var. “Valentina” (mg/kg DW).

Plant organ Sampling point v Cr Mn Fe Co Ni Zn As Sb
Tula 0.64 0.91 75 486 0.13 0.61 58 0.064 0.156
Inflorescence E}i’zteeVSkiy dis- 0.64 0.87 61 631 0.20 2.84 55 0.280  0.056
Plavskiy district 0.45 0.97 53 286 0.29 2.62 54 0.280 0.016
Tula 1.19 1.26 182 783 0.19 1.01 52 0.280 0.046
Leaves E};zsevskiy dis- 0.90 1.44 228 403 0.34 2.09 66 0.169 0.025
Plavskiy district 1.11 1.28 115 450 0.31 1.64 64 0.041 0.020
Tula 0.49 0.5 23 117 0.07 0.3 29 0.280 0.009
Stem E}ilzsevskiy dis- 0.06 0.5 15 69 0.08 1.38 30 0.280 0.003
Plavskiy district 0.06 0.5 9 81 0.12 0.3 26 0.280 0.003
Average data for vegetable [21] - 0.32 13 57 0.05 0.6 7 0.021 <0.002
Need (daily intake)/toxic dose, 0.05-0.2 3.7 6-40 0.04-0.3 6-30
mg/day [22] 200 10-20%* 200 500 0.005 150-600 0-05 0-05
MPC [23] - 0.2 - - - 0.5 5-10 0.2 0.3
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The Ni content in amaranth was 0.3-1.4 mg/kg DW in
stems, 0.61-2.84 mg/kg DW in inflorescences and 1.01-
2.09 mg/kg DW in leaves.

The content of elements in inflorescences and leaves ex-
ceeded the MPC of Ni for agricultural crops by 1.2-5.6 times,
and it was maximal in Kireevskiy district, where the content
of all elements in soils was maximal (Tables 1, 2).

The Zn content in the aboveground organs of amaranth
was within the average for plants, but higher than for veg-
etable crops, and higher than the MPC for agricultural
crops. It ranged from 26-30 mg/kg DW in stems to
52-66 mg/kg DW in leaves.

Considering that the consumption of amaranth per day
usually does not exceed 200 g, the accumulation of zinc in
organs during soil contamination is not critical. The de-
pendence of the Zn content in the shoots of amaranth with
the content of the element in soils was not revealed.

The As content in the region soils varied from 0.041 to
0.280 mg/kg DW and was higher in the amaranth stems and
inflorescences (Table 2). The As content in the organs of the
studied amaranth variety was up to 10 times higher than
the average for vegetable crops and slightly higher than the
MPC for vegetable crops [23]. The transfer factor for the
element was 0.009-0.59, i.e. arsenic appears to be a highly
toxic element for amaranth and is poorly accumulated by
the plant.

The Sb content of in amaranth organs was in the range
of data averaged over plants, but higher than the data for
vegetable crops; however, it does not exceed the MPC.

4. Conclusions

During the study, it was revealed that Amaranthus tricolor
variety “Valentina” is capable to accumulate such heavy
metals as Mn, Fe, and Ni from soils in quantities exceeding
toxic doses for plants and humans. Therefore, the use of
amaranth of this variety as a vegetable crop in conditions
of soil contamination with these elements is not recom-
mended. However, amaranth of the studied variety, as a
plant that accumulates sufficient biomass during the grow-
ing season due to a special pathway of photosynthesis
(C-4), can be used as a phytoremediant in soil contamina-
tion with the above elements. The content of elements in
the aboveground organs of amaranth decreases in the fol-
lowing order: leaves > inflorescences > stems. This is partly
due to the foliar uptake of elements from atmospheric dep-
osition.

Supplementary materials

No supplementary materials are available.

Funding

The study was carried out with the financial support by the

Russian Foundation for Basic Research project

LETTER

No. 19-29-05257 “Technogenic soil pollution with toxic el-
ements and possible methods for its
https://www.rfbr.ru/rffi/eng.

elimination”,

Acknowledgments

We are grateful to Dr. Petr F. Kononkov (VNIISSOK), Dr.
Valentina K. Gins (VNIISSOK) the authors of the amaranth
variety Valentina for the provided seeds and sensitive guid-
ance. We are grateful to employees of the Geological Insti-
tute of the Russian Academy of Sciences (Senior Research-
ers Gorbunov A.V. and Okina O.I.) and the Sector of NAA
and Applied Research of the FLNP JINR who participated in
the irradiation of the material and the processing of the
spectra for technical assistance.

Author contributions

Conceptualization: S.V.G., M.S.G.
Data curation: S.V.G., M.V.F.
Formal Analysis: S.V.G., M.V.F.
Funding acquisition: S.V.G.
Investigation: S.V.G., M.V.F.
Methodology: M.S.G., M.V.F., S.V.G.
Project administration: S.V.G.
Resources: S.V.G., M.V.F.

Software: S.V.G., M.V.F.
Supervision: M.S.G., S.V.G.
Validation: S.V.G., M.V.F.
Visualization: S.V.G.

Writing - original draft: S.V.G., M.V.F.
Writing - review & editing: S.V.G.

Conflict of interest

The authors declare no conflict of interest.

Additional information

Author IDs:
Svetlana V. Gorelova, Scopus ID 56006735600;
Murat S. Gins, Scopus ID 6603575024
Marina V. Frontasyeva, Scopus ID 6701880110.

Websites:
Tula State University, https://tulsu.ru/;
Peoples' Friendship University of
https://eng.rudn.ru/;
Federal State Budgetary Scientific Institution “Federal
Scientific Vegetable Center”, https://www.ssc-ras.ru/en/;
Joint Research,
http://www.jinr.ru/main-en/.

Russia,

Institute for Nuclear

4o0fs


https://www.scopus.com/authid/detail.uri?authorId=56006735600
https://www.scopus.com/authid/detail.uri?authorId=6603575024
https://www.scopus.com/authid/detail.uri?authorId=6701880110
https://tulsu.ru/
https://eng.rudn.ru/
https://www.ssc-ras.ru/en/
http://www.jinr.ru/main-en/

Chimica Techno Acta 2022, vol. 9(2), No. 20229258

References

10.

11.

Saet YUE, Revich BA, Yanin EP. Geohimiya okruzhayushchej
sredy. M.: Nedra; 1990. 335 p. Russian.

Gorelova SV, Gorbunov AV, Lyapunov SM, Okina OI, Fronta-
syeva MV, Kozlov SA. Assessment of an industrial agglomera-
tion impact on soil and air pollution with toxic elements (on
the example of the tula city). Ecol Urban Areas. 2020;2:6-20.
d0i:10.24411/1816-1863-2020-12006

Prasad MN. Practical use of plants to restore metal-polluted
ecosystems. Plant Physiol. 2003;50(5):764-780.

Gorelova SV, Frontasyeva MV. The use of higher plants in bi-
omonitoring and environmental bioremediation. In Ansari
AA, Gill SS, Gill R, Lanza G, Newman L. et al. Phytoremediat.
Springer International Publishing AG. 2017;5:103-155.
doi:10.1007/978-3-319-52381-1 5

Kononkov PF, Gins VK, Gins MS. Amarant - perspektivnaya
kul'tura XXI veka. Nauch. Izd. Izd-vo RUDN; 1999. 296 p.
Russian.

Gins MS. Biologicheski aktivnye veshchestva amaranta. Am-
arantin: svojstva, mekhanizmy dejstviya i prakticheskoe
ispol'zovanie: Monografiya / pod red. I.I. CHernyad'eva. M.:
izd-vo RUDN; 2002. 181 p. Russian.

Dolzhenko VD, Kiselev YuM. Neempiricheskoe modelirovanie
geometrii kompleksov dvuhvalentnyh metallov (Cu, Pb, Ni,
Fe) c betacianinami. Rol' fiziologo-biohimicheskih issledo-
vanij v selekcii ovoshchnyh kul'tur: materialy Vserossijskoj
nauchno-prakticheskoj konferencii, posvyashchennoj 75-
letiyu so dnya sozdaniya otdela fiziologii i biohimii rastenij
VNIISSOK. M.: RUDN; 2007: 115-122. Russian.

Kolbas A, Mench M, Herzig R, Nehnevajova E, Bes SM. Copper
phytoextraction tandem with oilseed production using com-
mercial cultivars and mutant lines of sunflower. Int J Phy-
toremediat. 2011;13(1):149-165.
d0i:10.1080/15226514.2011.568536

Marchiol L, Fellet G, Perosa D, Zerbi G. Removal of trace met-
als by Sorghum bicolor and Helianthus annuus in a site pol-
luted by industrial wastes: a field experience. Plant Physiol
Biochem. 2007;45:379-387.
doi:10.1016/j.plaphy.2007.03.018

Chinmayee MD, Mahesh B, Pradesh S, Mini I, Swapna TS. The
assessment of phytoremediation potential of invasive weed
Amaranthus spinosus L. Appl Biochem Biotechnol.
2012;167(6):1550-1559. d0i:10.1007/512010-012-9657-0
Shevyakova NI, Cheremisina Al, Kuznetsov V. Phytoremedia-
tion potential of amaranthus hybrids: antagonism between
nickel and iron and chelating role of polyamines. Russ J Plant
Physiol. 2011;58(4):634-642.
d0i:10.1134/S1021443711040145

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

50f5

LETTER

Gorelova SV, Pescov GV, Gins MS, Kononkov PF, Frontas'eva
MV, Ermakova EV, Lyapunov SM, Gorbunov AV, Okina OI. Bi-
oakkumulyaciya himicheskih elementov netradicionnymi
ovoshchnymi kul'turami na tekhnogenno zagryaznennoj ter-
ritorii Tul'skoj oblasti. Agrohimiya. 2009;9:76-87. Russian
Toshihiro Watanabe, Yasutoshi Murata, Mitsuru Osaki. Ama-
ranthus Tricolor Has the Potential for Phytoremediation of
Cadmium-Contaminated Soils. Commun Soil Sci Plant Anal.
2009;40(19-20):3158-3169.
d0i:10.1080/00103620903261676

Odiyi B, Ologundudu FA, Adegbite T. Phytoremediation poten-
tial of Amaranthus hybridus L. (Caryophyllales: Amaran-
thaceae) on soil amended with brewery effluent. Braz J Biol
Sci. 2019;6(13):401-411. doi:10.21472/bjbs.061308

Chirkin LA. Rentgenofluorescentnyj analiz ob"ektov okru-
zhayushchej sredy: Uchebn. posobie. Vladimir: Izd-vo Vladi-
mirskogo gos. un-ta; 2009. 57 p. Russian

Pavlov SS, Dmitriev AYu, Frontasyeva MV. Automation sys-
tem for neutron activation analysis at the reactor IBR-2,
Frank Laboratory of Neutron Physics, Joint Institute for Nu-
clear Research, Dubna, Russia. J Radioanal Nucl Chem.
2016;309:27-38. d0i:10.1007/510967-016-4864-8
Frontasyeva MV. Neutron activation analysis for the Life Sci-
ences. A review. Phys Part Nucl. 2011;42(2):332-378.
d0i:10.1134/S1063779611020043

GN 2.1.7. 2041-06. Predel'no dopustimye koncentracii (PDK)
himicheskih veshchestv v pochve. Russian.
Predel'no-dopustimye koncentracii (PDK) himicheskih vesh-
chestv v pochve: Gigienicheskie normativy. M.: Federal'nyj
centr gigieny i epidemiologii Rospotrebnadzora. 2006. 15 p.
Russian.

GN 2.1.7.020-94. Orientirovochno dopustimye koncentracii
(ODK) tyazhelyh metallov i mysh'yaka v pochvah.
(dopolnenie No. 1 k perechnyu PDK i ODK No. 6229-91). Rus-
sian.

Kabata-Pendias A., Pendias H. Trace elements in soil and
plants, 3rd edition, CRC Press, Boca Raton, London, New-
York, Washington, D.C. 2001. 432 p.

Skal'nyj AV. Himicheskie elementy v fiziologii i ekologii che-
loveka. M.: Izdatel'skij dom «ONIKS 21 vek»: Mir. 2004. 216
p- Russian.

Mediko-biologicheskie trebovaniya i sanitarnye normy
kachestva prodovol'stvennogo pitaniya i pishchevyh produk-
tov, 1990. Russian.



https://doi.org/10.24411/1816-1863-2020-12006
https://doi.org/10.1007/978-3-319-52381-1_5
https://doi.org/10.1080/15226514.2011.568536
https://doi.org/10.1016/j.plaphy.2007.03.018
https://doi.org/10.1007/s12010-012-9657-0
https://doi.org/10.1134/S1021443711040145
https://doi.org/10.1080/00103620903261676
https://doi.org/10.21472/bjbs.061308
https://doi.org/10.1007/s10967-016-4864-8
https://doi.org/10.1134/S1063779611020043

